Numerical modeling of fugitive dust dispersion is a convenient method to quantify the degree of air pollution in and around surface mines. Considerable amounts of dust are generated by various unit operations in the mines, such as drilling and blasting, loading of blasted materials and transportation of materials for downstream applications. Environmental conditions in the mine vary from season to season; hence, fugitive dust dispersion simulations using a commercial computational fluid dynamics (CFD) software were conducted for various seasonal conditions with and without cloud cover. Clear sky and cloudy sky conditions result in different radiative and turbulent energy fluxes. In each scenario, fugitive dust particles varying in sizes (PM0.1 to PM 10 ) and concentrations were generated at various locations of the selected mine. The simulation results predict a speedy removal of fugitive dust in summer. However, during winter, the presence of inversion layer in the open-pit resulted in extensive retention of fugitive dust. For removal of the atmospheric inversion during winter, it is observed that the presence of cloud cover and convective wind are the most important factors.
Introduction
The generation and entrainment of pollutants is inherent to many of the unit and auxiliary operations of mining. In surface mining, most of the operations are carried out in open atmosphere and the resulting pollutants are released into the atmosphere. The dispersion behaviors of pollutants are mostly dependent on natural airflow patterns, since the ventilation of an open-pit mine is dependent on it. Advances in mathematical and computer fields in recent years have enabled better modeling of pollutant dispersion phenomenon around mines using computational fluid dynamics (CFD) [1] [2] [3] [4] .
Flores et al. [5] used OpenFOAM CFD simulation package to simulate and predict pollutant dispersion in an idealized and an actual open-pit mine in Chile. The model was simulated for three different conditions: (i) air advection (10 m/s) driven mechanical turbulence; (ii) surface heat flux (240 W/m 2 ) driven thermal buoyancy; and (iii) both air advection and surface heat flux driven conditions. The results of the simulations showed that the buoyant currents contribute to the removal of a large percentage of the dust particles. Bhowmick et al. [6] used CRADLE-CFD simulation package to estimate the fugitive dust retention in two idealized open-pit domains for various weather conditions in clear sky. The domains were simulated for summer and winter weather conditions in highlatitude arctic and sub-arctic open-pit mines. Reynolds-Averaged Navier-Stokes (RANS) method with Standard k-ε turbulence model was used to simulate the fugitive dust transport in the pits. The results showed that the combined effect of mechanical (surface roughness induced) and thermal (surface heat flux induced) forces during summer conditions clears the fugitive dust from the open-pit mine within one hour. However in winter, the negative heat flux from the pit surface often leads to an atmospheric inversion in the open-pit domain, which resulted in extensive retention of fugitive dust for prolonged duration.
The research by Raj [7] concluded that the presence of cloud cover above the open-pit domain would help in removal of atmospheric inversion of an arctic open-pit mine. The removal of atmospheric inversion results in development of turbulence in airflows inside the domain which helps the pollutants to clear out of the pit.
In this paper, various open-pit domains are simulated using a novel approach with various degrees of cloudiness to evaluate the impact of cloud cover on dust retention in open-pit mines. Both the partially cloudy sky and complete overcast conditions are considered for simulation. The effect of cloud cover is modeled with radiation simulation (Flux method) using heat flux at the cloud condensation level (CCL) and at the pit boundary. During the cloudy sky conditions, the overcast cloud above an open-pit domain results in reflective longwave radiation.
Influences of cloud cover in energy balance
It has been observed that the presence of cloud cover or snow fall in an arctic open-pit mine lifts the atmospheric inversion and clears the pollutants from the pit. Subsequent research by Raj [7] concluded that the presence of low level cloud cover lifts the inversion. Since the clouds are infrared sensitive, most of the infrared radiation emitted from the ground is reflected by the cloud cover. Figure 1 presents infrared radiation (IR) measurements at the pit bottom and pit rim under cloud cover in the selected open-pit. Figure 1(a) shows that the incoming and the outgoing infrared radiation at the pit bottom tend to overlap with each other at around 6:00 AM (red circle region, October 29th, 2013). While the incoming and the outgoing radiation values at the pit rim are very close to each other (red circle region, Figure 1(b) ). The magnitudes of the incoming and outgoing radiations are close to zero (W/m 2 ) for both the cases. This phenomenon resembles that a cloud is passing over the sensors. The presence of cloud cover is cross-verified with the RADAR base reflectivity data and the dew point temperature data during the same time, which also verifies the presence of cloud above the selected open-pit. In reality, the magnitude of longwave radiation from the surface cannot exactly be zero since the air layers always have some temperature gradient. However, the sensor calculates the IR radiation value as the longwave radiation detected by the sensor and subtracted by the longwave radiation emitted from the sensor. The resultant value reaches the magnitude of zero at presence of a cloud cover. 
Simulation setup
A novel simulation approach is adapted to evaluate the effect of cloud cover for mitigation of fugitive dust retention in open-pit mines. Initially, the effect of cloud cover is modeled with radiation simulation (Flux method) using heat flux at the cloud condensation level (CCL) and at the pit boundary. During a complete overcast condition, after some time, the net radiation balance in the CCL and pit boundaries reaches to zero. However, the longwave incoming and outgoing radiations are not always zero when a cloud arrives above the open-pit. The domain has some temperature gradient due to the convective heat transfer from the pit surface and this results in temperature differences in the air layers which results in longwave radiation. The outgoing longwave radiation reflects back in presence of a cloud cover. ) is introduced at both the boundaries. These modified boundary conditions imply that net radiation is zero at each of the boundaries. The incoming and the outgoing solar (short wave) radiations are close to zero and therefore neglected.
Initial conditions, boundary conditions, choices of the turbulence models, the turbulent parameters along with the generation and tracking process of fugitive dust particles are important criteria for the simulation setup. The simulation setup is defined using the 'Analysis Condition' setup of CRADLE SC/Tetra Preprocessor [6] .
Boundary conditions
All the model boundaries are required to be defined to initiate a simulation. An inlet (East) and an outlet (West) boundary ( Figure 2 ) along with various all boundaries are used for the simulation. Inlet boundary is defined as the velocity boundary with a Power law profile of velocity [6] . The Free Atmosphere (FA) boundary is located at 600m above the pit rim surface [6] . Temperature sensor and weather station data are processed for categorizing the boundary conditions based on the various weather conditions. Table 1 presents the input values used for various boundary conditions for simulation of the winter and the summer sessions. The idealized domains are simulated for various overcast cloud conditions: (i) the clear sky, (ii) partial cloudy sky and (iii) the complete overcast sky conditions. 
Partial cloudy sky condition
During partial cloudy sky condition, an overcast cloud partially covers up domain. During the winter seasons in arctic, the longwave radiation, emitted from the surface is reflected back in presence of a cloud cover. This results in warming of the air under the cloud covered domain. Partial cloudy sky condition is simulated with heat flux generated from the FA boundary which is the half of the magnitude of the pit boundary heat flux. The free surface boundary condition in CRADLE-CFD is, however, not compatible with the heat flux boundary condition. The generation of heat flux requires the physical existence of the boundary. Whereas, the free surface boundary condition models the boundary as a virtual boundary. Therefore for partial cloudy sky simulation, the FA boundary in CRADLE-CFD is modeled as a smooth boundary with heat flux. A cloud cover, modeled with smooth wall boundary condition with heat flux, has several limitations. In reality, the cloud moves with the airflow, floating at the cloud condensation level (CCL). While, the smooth wall boundary condition simulates the FA boundary as a static boundary with negligible roughness. This results in formation of velocity boundary layer at the FA boundary and generates unrealistic mechanical turbulence. In development of the airflow pattern inside the selected open-pit mine, however, the mechanical turbulence from the FA boundary is observed to have comparatively less effect than the thermal bouncy generated by the FA boundary.
Complete overcast sky condition
During the winter season, cloudy sky condition warms up the air within the cloud covered domain. While during the summer season, the cloud cover reduces the amount of available shortwave radiation from insolation. This results in cooling of the air in the cloud covered domain. Table 1 presents the simulation input values of the pit surface wall boundary and the FA wall boundary for various seasons and cloud conditions for the initial step of the simulation approach.
Initial conditions
A steady state velocity profile is established for both the summer and the winter conditions and is used as an initial velocity condition for the transient simulations. In a transient simulation, the time dependent variables such as the temperature and the heat flux are other input variables [8] .
Turbulence model
LES (Large Eddy Simulation) using SGS/WALE (Subgrid-Scale/Wall-Adapting Local Eddy-viscosity) models are used to model the turbulent dispersion of fugitive dust in the selected domains. Large Eddy Simulation (LES) models the various sizes of turbulence eddy generated by the cascading process of turbulence [9] . The model domains are simulated to capture the atmospheric boundary layer (ABL) and the micrometeorological flow due to the surface roughness induced mechanical turbulence and surface radiation induced thermal buoyancy. The surface roughness results in formation of velocity boundary layers. The sensible heat flux of the surface radiation results in formation of thermal boundary layers. In order to model the thermal forces, Boussinesq approximation [10] is used in both the simulations. A default value (1x10 -4 ) is used for the convergence criterion along with a constant time step (two seconds) throughout the model run.
Fugitive dust particles
For the selected two idealized domains, a total of 25 dust source polygons are defined. Due to the extensive requirement of computational space, the number of particles from each source is kept to a maximum of one hundred particles. All the dust particles are defined as mass particles with density and gravitational settling velocity. Four types of particles are generated from each source: (i) PM0.1, (ii) PM 2.5, (iii) PM 5 and (iv) PM 10 [8] .
Modeling domain
Two idealized pit and one actual pit geometries are used for the simulation. The idealized pits have several advantages compared to an actual open-pit domain [8] . The trapezoidal and conical open-pit domains, used for this study are presented in Figure 2 . for the idealized pit geometries. The numbers of mesh elements are in the order of 1.2 million and 1.3 million for the trapezoidal and the conical domains respectively, whereas the actual 2013 open-pit domain contains mesh elements in the order of 6 million. The height of the domain is decided based on the location of the Free Atmosphere (FA) boundary in the arctic regions which has an average height of 600m from the pit rim surface [8] . For simulation of the summer conditions in the actual pit geometry, the average height of the FA boundary is increased to 1050m above the surface. The increased height of the FA boundary provides sufficient room for simulation of the convective unstable boundary layer during the summer in the domain. 
Simulation results
All the simulations of the selected open-pit domains are conducted in two consecutive stages of the simulation approach, as detailed in section 3. The trapezoidal domain is first selected for simulation, with all the considered boundary conditions to predict the fugitive dust retention in open-pit domain. Similar simulations are conducted with the conical domain so as to compare and evaluate the dust retention in various seasons. Finally, the actual 2013 open-pit domain is simulated with appropriate choices of boundary conditions to predict actual fugitive dust retention.
Simulation of the idealized domains
The simulation results of the summer and the winter conditions are completely different. The simulations in summer conditions result in formation of convective unstable boundary layer with various turbulent re-circulatory eddies within the open-pit. This phenomenon results in removal of the fugitive dust in a short duration. While simulations in winter conditions result in formation of a stable boundary layer (an atmospheric inversion) in the open-pit. The inversion results in prolonged suspension of the fugitive dust and very high dust retention in the pit cavity. Figure 4 presents the simulated velocity vector profiles in the trapezoidal domain for the summer and winter conditions. The simulation results of the summer condition is evaluated based on (1) the time duration needed for the dust particles to clear out of the pit, and (2) the percentage of dust particles settled down at the pit surface. While the simulation results of the winter condition is evaluated based on the percentage of dust particles cleared out of the domain after 24 hours. A significant amount of fugitive dust (more than 50%) is observed to suspend in the cold air mass of the pit cavity even after 24 hours. Table 2 presents the simulation results of the clear sky, partial cloudy sky and cloudy sky for the summer and the winter conditions. The initial step of modeling the cloud cover with a specific heat flux input is used in simulation.
The initial simulation results using similar magnitude of heat flux at the pit and the FA boundaries indicate that the choice of sensible heat flux input from the cloud cover had negligible effect in removal of the fugitive dust, irrespective of the sky conditions. To evaluate the influences of the sensible heat flux input, a temperature profile of the air mass inside the open-pit is plotted along a vertical line (line 1-3, Figure 5 (a)) in the trapezoidal domain. Figure 5 (b) is a plot of temperature profiles for various levels of cloudiness during extreme winter condition after 6 hours of simulation. No significant variation in temperature profile is observed in these temperature profiles. The simulation of cloud cover with heat flux as input did not have any impact on the stratified cold air mass and did not remove the air inversion even after 6 hrs of simulation. In the second stage of simulation, the presence of cloud cover is then modeled with zero heat fluxes (W/m 2 ) from the pit surface and the FA boundary. The simulations results indicate that the warm air mass from the inlet is penetrating the air inversion layer close to the pit rim very slowly and the cold air mass inside the pit cavity remains almost stagnant and detached from the airflow above the pit. Since the air flow inside the pit is almost stationary, the stratification of the cold air mass in the pit remains for a prolonged duration, with a very slight change in temperature profile over time. The temperature profiles of the idealized domains for zero heat flux from the pit surface and the FA boundary are presented in Figure 6 . The temperature profiles for both the domains show some changes over time near the pit surface (region 1); however the overall stratification of the cold air mass in the pit (region 1 to 2) is almost unchanged. Table 3 . Following the simulations under clear sky, the actual open-pit domain is simulated initially using the specific heat flux input, and then the zero heat flux from the FA and the pit boundary for various levels of cloudiness. The simulation results, however, replicate the results of the idealized domain. From the simulation results, geometry of the open pit domains, and the boundary conditions considered, it appears that the cloud cover alone may weaken the air inversion at a very slow rate, however, would not be able to remove the dust particles from the open pits.
Simulation of the domains with increased wind speed
To evaluate the effect of wind speed and presence of cloud cover, all the idealized and the actual domains with strong stratified inversion layers are simulated with increased wind speeds. The reference wind speed at the Inlet boundary is increased from 2.5 m/s to 3.5 m/s and then to 5 m/s, while all other boundary conditions are kept the same. The simulation results show an extensive penetration of the inversion layer in case of the 2013 open-pit domain. While in the idealized domains the penetration of the inversion layer is also observed; but at a slower rate than the actual domain. The slower rate of penetration of the inversion layer in the idealized domains is due to the symmetry and regularity of the idealized domains, which results in limited topography-induced recirculation. While the irregularities in the topography of an actual domain produce various types of recirculation and mechanical forces which enhance the process of penetration of the inversion layer. The aspect ratio of the actual open-pit domain is very different than the idealized domains, and may have some influences in the outcome. Figure 7 shows the air temperature profiles for various inlet wind speed in the actual 2013 open-pit domain. With increased inlet wind speed, the stratification in cold air mass (red circle regions) is observed to weaken. Without a cloud cover, the thermal forces from the pit surface enhance the stratification. And in absence of a convective wind, the mechanical forces do not have the potential to penetrate the cold air layers. The critical wind speed for removal of the air inversion is, therefore, dependent on (1) the topography and the aspect ratio of the domain; (2) the extent and the temperature gradient of the stratified layers; and (3) the net radiation balance.
Summary and conclusions
In this paper, two idealized and one actual open-pit domains were simulated for various weather conditions to predict the retention of fugitive dust generated due to various mining unit operations. The presence of low level cloud in the openpit mine, results in different radiation energy balance, which helps in removal of atmospheric inversion in the open-pit during the winter season. A novel approach was used to simulate the effect of cloud cover. In the initial state, a specific magnitude of heat flux was introduced in the CCL and the pit boundary. Following the initial state; a heat flux of zero magnitude was introduced in both the CCL and the pit boundary. The simulation results of all the domains, however, do not exhibit any changes in the stratified cold air mass inside the open-pit and do not remove the inversion layer. The continued presence of inversion layer results in an extensive fugitive dust retention within the pit with negligible removal of the generated fugitive dust.
With increased wind speed and cloud cover, the simulation results show significant changes in the stratified cold air mass inside the pit, and the penetration of air inversion layers. The irregularities in the topography of an actual domain help in weakening of the inversion, since the irregularities result in mechanical turbulences. Therefore the presence of cloud cover and a good convective wind are important for removal of the stratified cold air mass along with the trapped fugitive dust from the open-pit mines.
